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Training of binocular rivalry 
suppression suggests stimulus-
specific plasticity in monocular and 
binocular visual areas
Mark Vergeer1, Johan Wagemans1 & Raymond van Ee1,2,3
The plasticity of the human brain, as shown in perceptual learning, is generally reflected by improved 
task performance after training. Here, we show that perceptual suppression can be increased through 
training. In the first experiment, binocular rivalry suppression of a specific orientation was trained, 
leading to a relative reduction in sensitivity to the trained orientation. In a second experiment, two 
orthogonal orientations were suppressed in alternating training blocks, in the left and right eye, 
respectively. This double-training procedure lead to reduced sensitivity for the orientation that was 
suppression-trained in each specific eye, implying that training of feature suppression is specific for 
the eye in which the oriented grating was presented during training. Results of a control experiment 
indicate that the obtained effects are indeed due to suppression during training, instead of being merely 
due to the repetitive presentation of the oriented gratings. Visual plasticity is essential for a person’s 
visual development. The finding that plasticity can result in increased perceptual suppression reported 
here may prove to be significant in understanding human visual development. It emphasizes that for 
stable vision, not only the enhancement of relevant signals is crucial, but also the reliable and stable 
suppression of (task) irrelevant signals.
The impressive visual abilities of primates can to a large extent be attributed to the plasticity of the brain, which 
occurs predominantly during early visual development1 but continues throughout life, even after the brain’s full 
maturation2,3. This plasticity has been exposed experimentally through effects of perceptual learning, where task 
performance generally enhances after training2,3. Perceptual learning has been shown for a variety of visual skills, 
including contrast sensitivity4, motion discrimination5, orientation discrimination6, texture discrimination7, 
vernier acuity8 and contour integration9. For all these tasks, training results in an improvement in task perfor-
mance, at least for the trained task and stimulus features, while transfer to untrained tasks or features is usually 
limited2. Observers are generally aware of the trained stimulus and attending the stimulus can boost learning10. 
However, some recent studies have shown that perceptual learning can actually occur implicitly, without the 
observer attending the learned features11 and even without the observer’s awareness of the stimulus. For example, 
when a non-perceived grating is paired with a reward only when it has a specific orientation, observers improve 
in detection for this orientation, relative to orientations that are not coupled with a reward12.
Although the exact mechanisms and neural architecture involved in perceptual learning are still very much 
under debate (see Sagi2 and Sasaki et al.3, for recent comprehensive reviews on this topic), reported effects of 
perceptual learning generally have in common that they show an increase in visual sensitivity after training. 
However, optimal interaction of an individual with the environment requires a complex, dynamic interplay of not 
only the enhancement of relevant signals but also the suppression of signals that are irrelevant for the current task 
at hand (i.e., noise). For example, perceptual selection requires the facilitation of one possible percept while at the 
same time other (less plausible but possibly valid) alternative interpretations of the visual input are suppressed 
from perception. The latter principle has been studied most frequently by the use of binocular rivalry paradigms. 
In binocular rivalry, the left and right eye are presented with different, incompatible information at the same 
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retinal region. As a consequence, only one of these images is perceived, while the other image is perceptually 
suppressed13,14. This suppression is generally thought to be largely due to inhibitory networks operating between 
clusters of neurons coding for each of the presented stimuli, respectively. Although binocular rivalry was tradi-
tionally thought to take place through reciprocal inhibitory competition between monocular channels, effects of 
stimulus competition in binocular rivalry15,16 have challenged the idea that the neural mechanisms involved in 
rivalry predominantly have their effect in early (monocular) visual areas and resulted in a consensus that multi-
ple levels of visual processing are involved in resolving binocular rivalry17,18. Nevertheless, it remains unclear at 
which processing stage(s) the hypothesized inhibitory networks in binocular rivalry are effective.
A few recent studies have shown support for plasticity in binocular rivalry. With their so-called push-pull 
paradigm, Xu, He, and Ooi successfully reduce sensory eye dominance by training, at the same time, activation of 
the observers’ weaker eye and suppression of the observers’ dominant eye19,20. In addition, it was recently shown 
that prolonged exposure to binocular rivalry leads to reduced exclusivity and more prevalent mixture percepts, 
which was interpreted as evidence for inhibitory plasticity in binocular rivalry21. The present study takes the 
study of plasticity of the inhibitory networks involved in binocular rivalry to a next level by focusing on stimulus 
specificity in suppression training and on the level of visual processing at which these stimulus specific effects 
have their origin. By training suppression of a specific feature in one eye (Experiment 1), the question if stimulus 
suppression can be trained will be addressed. Subsequently, a double training protocol will be applied by means of 
which suppression of different features will be trained in different eyes (Experiment 2), enabling us to identify the 
role of monocular and binocular processing levels in stimulus suppression and the training of it occurs.
Results and Discussion
Experiment 1. In the first experiment, observers were trained to suppress a specific orientation in one eye, 
while they were unaware of the presentation of the oriented stimulus throughout training, so the suppression 
training occurred in an implicit manner. During training, in each 1-second trial, an oriented square-wave grating 
was presented to one eye only, while both the orientation of the grating and the eye to which it was presented 
remained constant throughout training. The eye and orientation of this oriented grating (either 45 deg or 135 
deg) were counterbalanced between observers. A high-contrast, expanding sinusoidal bull’s eye, presented at the 
corresponding retinal location of the contralateral eye (Fig. 1A), effectuated continuous perceptual suppression 
of the grating. To help maintain attention to the stimulus location, observers performed a dummy task, for which 
they were instructed to detect a small contrast change of the bull’s eye that occurred briefly halfway each trial. 
After finishing the final session of the experiment, observers were debriefed and asked whether they had seen 
anything else than the bull’s eye during training; all observers responded ‘no’ to this question. When subsequently 
asked explicitly if they had seen an oriented grating at any point during training, none of the observers responded 
affirmatively. Training took place in four sessions, each session consisting of four blocks of 160 trials each.
Before and after training, an adaptive QUEST procedure was used to determine contrast detection thresholds 
for four conditions (Fig. 1B), defined by the eye and orientation of the test grating relative to the trained grating. 
Here, the expanding bull’s eye was presented at low contrast to allow for perceptual breakthrough of the grating, 
while binocular rivalry mechanisms were still effective. As during training, the grating and the bull’s eye were 
both presented for 1 sec. Observers were instructed to manually report if they had seen at least a part of the 
Figure 1. Design of Experiment 1. (A) During training, a grating with always the same orientation and 
presented to the same eye was perceptually suppressed by presenting a high-contrast expanding bull’s eye to 
the contralateral eye. (B) During pre- and post-training baseline sessions, contrast detection thresholds were 
determined for both orientations, for each eye separately, while at the same time a low-contrast expanding bull’s 
eye was presented to the contralateral eye to realize binocular rivalry.
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oriented grating. The target grating was presented in 80% of the trials. The target-present trials were equally dis-
tributed according to a 2 × 2 design, where the target was either presented to the left eye or to the right eye, and 
oriented either 45 degrees to the left or 45 degrees to the right relative to vertical. Within each block, target con-
trast was varied according to an adaptive QUEST procedure, and 50% detection thresholds were determined, for 
each target-present condition, separately. Trials of all target-present conditions and the target-absent condition 
(5 × 50 = 250 trials, in total) were randomly interleaved within each block. This procedure was repeated 3 times 
and the average of the thresholds from these 3 blocks was taken as pre- and post-training baseline threshold for 
each condition separately. See the Experimental Procedures for a detailed description of the methods.
The pre- and post-training detection thresholds of all observers for all conditions are plotted in Fig. 2. The 
linear regression lines indicate that for the eye in which the grating was presented during training (panel A), 
post-training performance compared to pre-training performance is relatively worse for the trained orientation 
than for the untrained orientation. A similar pattern can be seen for the eye in which no grating was presented 
during training (panel B).
Analyses were performed on the log-transformed threshold elevations (log10 (post-training threshold/
pre-training threshold)), which were computed for each condition and for each participant separately (see Fig. 3). 
The log transformation was executed to adjust for a non-normal distribution in the original threshold elevation 
data (i.e., by definition, ratios are skewed to the right of the mean, while a log transformation of these ratios effec-
tuate a normal distribution around 0). A repeated-measures ANOVA revealed a significant main effect for eye 
of presentation (F1,9 = 10.0, p < 0.05) and a significant main effect of grating orientation (F1,9 = 15.7, p < 0.005), 
but no interaction between eye of presentation and grating orientation. One-sample t-tests show that perfor-
mance improved significantly only when the target was presented in a different eye and with a different orienta-
tion compared to training (t9 = 7.12, p < 0.001). Subsequently, pairwise t-tests were performed to test the effect 
of orientation for each eye separately. For the eye in which the grating was presented during training, thresh-
old elevation was significantly higher for the trained orientation than for the untrained orientation (t9 = 3.97, 
p < 0.005). This was also the case for the contralateral eye (t9 = 2.55, p < 0.05). These data indicate that suppres-
sion can be increased through implicit training, as reflected by impaired detection for the eye and orientation 
that were trained to be suppressed, relative to the opposite eye and orientation, respectively. The transfer of the 
orientation-selective suppression effect to the contralateral eye suggests the involvement of binocular visual areas 
in this orientation suppression effect. Although higher level effects in binocular rivalry15,16 have led to the sug-
gestion that inhibitory interactions in binocular visual areas might be involved in resolving binocular rivalry17, 
binocular rivalry suppression is generally thought to predominantly rely on inhibitory competition between 
monocular channels22. Therefore, there was no clear a priori prediction regarding cross-eye transfer of any poten-
tial orientation effect. The improved performance found for the untrained orientation in the eye in which no grat-
ing was presented during training most likely reflects an eye-based learning effect, as the training protocol biases 
vision in favor of the dominant eye during training (i.e., the eye in which the bull’s eye was presented), in line with 
recent findings on ocular dominance training19,20. Note that here ‘eye-based learning’ refers to an improvement 
in performance, whereas the term ‘suppression learning’ is used consistently throughout the manuscript to refer 
to a relative performance decrement as the result of training. A second experiment was conducted to explicitly 
disentangle monocular and binocular contributions in suppression learning effects as found in Experiment 1.
Figure 2. Pre- and post-training contrast detection thresholds. (A) Detection thresholds of all 10 observers 
for the eye in which the grating was presented during training, both for the trained (E +  O+) and for the 
untrained orientation (E +  O−). (B) Detection thresholds for the same 10 observers, but now for the eye in 
which the grating was not presented during training, again both for the trained (E −  O+) and for the untrained 
orientation (E −  O−). Data points are color-coded consistently within observers. Data points below the 
diagonal dashed line indicate better performance (i.e., lower thresholds) after training than before training, 
while data points above this line indicate worse performance after training (i.e., higher thresholds). Linear 
regression lines are added for all conditions.
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Experiment 2. In Experiment 2, a similar paradigm was used as in Experiment 1, but now observers were 
subjected to an implicit, double-training protocol (Fig. 4A). This double training aimed at disentangling sup-
pression learning effects occurring at a monocular processing stage from effects occurring at a binocular stage 
of processing. In half of the training trials, a grating with one orientation was suppressed in one eye, while in the 
other half gratings with the orthogonal orientation were suppressed in the other eye. Hence, suppression of both 
orientations was trained equally at a binocular level of processing. Therefore, if suppression learning merely has 
a binocular origin, then the double-training protocol in Experiment should cancel out any orientation-specific 
differences in the learning pattern. The total number of training trials was doubled relative to Experiment 1, to 
keep training per orientation equal in both experiments. The eye in which either orientation was trained was 
counterbalanced between observers. Baseline conditions (Fig. 4B) were the same as in Experiment 1, but could 
now be defined as either the same or different, relative to the trained orientation for the respective eye.
Figure 3. Results of Experiment 1. Log-transformed threshold elevations defined as log10 (post-training/
pre-training threshold), where negative and positive values correspond with performance increments and 
decrements in contrast detection after training, respectively. Bars represent group means, while dots represent 
individual observer data, color-coded consistently within observers.
Figure 4. Design of Experiment 2. (A) In half of the training blocks, observers were trained on suppressing 
one orientation presented to one eye, while in the other half they were trained on suppressing the orthogonal 
orientation presented to the other eye. (B) During pre- and post-training baseline sessions, contrast detection 
thresholds were determined for both orientations, for each eye separately, while at the same time a low-contrast 
expanding bull’s eye was presented to the contralateral eye to realize binocular rivalry.
www.nature.com/scientificreports/
5Scientific RepoRts | 6:25753 | DOI: 10.1038/srep25753
Pre- and post-training contrast detection thresholds for both orientations and for each eye separately are pre-
sented in Fig. 5 for all ten observers. A first look at these data reveals that for each eye, post-training performance 
compared to pre-training performance is relatively worse for the orientation that was presented during training, 
relative to the orientation that was not presented in that respective eye during training.
Threshold elevations were computed for each observer and for each condition separately, and analyses were 
performed on the log-transformed threshold elevations (see Fig. 6). Comparing pre-training contrast detection 
thresholds with post-training threshold, collapsed over both eyes, a significant overall effect of orientation is 
obtained, where threshold elevation is significantly higher for the orientation that was trained in a certain eye, 
relative to the untrained orientation (t9 = 2.48; p < 0.05). For the untrained orientation there was a significant 
improvement after training (t9 = 3.71, p < 0.005), while no significant improvement or deterioration in perfor-
mance was found for the trained orientation. When looking at the trained orientations separately (Fig. 3B), the 
Figure 5. Pre- and post-training contrast detection thresholds. (A) Detection thresholds of all 10 observers 
for the eye in which the 135deg oriented grating was presented in half of the trials during training, both for the 
trained (135+) and for the untrained orientation (45−). (B) Detection thresholds for the same 10 observers, but 
now for the eye in which in the other half of the training trials the 45deg oriented grating was presented during 
training, again both for the trained (45+) and for the untrained orientation (135−). Data points are color-
coded consistently within observers. Data points below the diagonal dashed line indicate better performance 
(i.e., lower thresholds) after training than before training, while data points above this line indicate worse 
performance after training (i.e., higher thresholds). Linear regression lines are added for all conditions.
Figure 6. Results of Experiment 2. (A) Log-transformed threshold elevations from pre-training to post-
training collapsed over both eyes averaged across all 10 observers. (B) Each observer was trained on suppressing 
a 135 degrees oriented grating in one eye and a 45 degrees oriented grating in the other eye. Here the effects 
of training are shown for each eye separately, with the trained orientation in one eye being the untrained 
orientation in the other eye. In both panels, bars represent group means, while dots represent individual 
observer data, color-coded consistently within observers.
www.nature.com/scientificreports/
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effect of orientation was significant only for the eye in which the 135° oriented grating was trained (t9 = 2.73; 
p < 0.05).
These data show effects of suppression learning selective for the eye for which the suppression of an orientation 
was trained. This suggest that the training of stimulus suppression is effective already during monocular stages of 
visual processing, as indicated by the differential effects of suppression learning found for trained and untrained 
orientations. Suppression of both orientations has been trained equally at a binocular level of processing. 
Therefore, if suppression learning would merely have had a binocular origin, then the double-training protocol 
in Experiment 2 should have cancelled out any orientation-specific differences in the learning pattern. However, 
note that the effect size of orientation suppression is significantly lower here as compared to Experiment 1, 
 which supports the claim that both monocular and binocular processing stages are involved in the effects of 
orientation suppression learning that are presented here.
Control Experiment. A control experiment was performed to test whether the effects reported in 
Experiment 1 and 2 were indeed effects of perceptual suppression instead of being merely due to adaptation. 
The experimental paradigm was to a large extent similar as the paradigm used in Experiment 2. The pre- and 
post-training baseline conditions were identical to those in both of the main experiments. Presentation of the 
oriented grating during training followed a similar protocol as in Experiment 2, with the main difference that 
here this grating was no longer perceptually suppressed by stimulation (i.e., presentation of the bull’s eye) in the 
contralateral eye. In other words, the presented grating was visible throughout the full training period. During 
training, gratings were slightly tilted relative to the reference (i.e., 45deg for gratings presented to one eye in half 
of the blocks, and 135deg for gratings presented to the other eye in the other half of the blocks), and observers 
performed an orientation discrimination task on the presented gratings following an adaptive QUEST procedure. 
The protocol of grating presentation was similar to the double training protocol used in Experiment 2, with the 
same numbers of trials and blocks per eye and orientation. The average orientation discrimination threshold 
across blocks and observers was 1.81 degrees (SD = 1.41 degrees). The effect of training was quantified by com-
puting the linear regression slope on the orientation discrimination thresholds of the 32 training blocks per 
observer separately (Mean = − 0.039). A paired-samples t-test revealed that the effect of training was not signif-
icant across observers.
Comparison of pre- and post-training thresholds per baseline condition reveals an opposite pattern as com-
pared to Experiment 2 (see Fig. 7). Here, log-transformed threshold elevation for all five observers is lower for the 
trained orientation than for the untrained orientation, indicating that mere (visible) exposure leads to improved 
detection performance specific for the eye in which the grating is presented (t5 = 4.08, p < 0.05). This result fur-
ther strengthens our claim that the learning effects observed in the main experiments are indeed effects of sup-
pression training, instead of being due to the build-up of adaptation during training for instance.
General Discussion
Perceptual learning research commonly shows enhanced performance after training, reflecting an increase in 
visibility of the trained feature. We show here that the perceptual suppression of unseen representations can be 
increased through training. As suppression is commonly largely attributed to cross-inhibition between competing 
neural populations, we argue that the strengthening of inhibitory networks through training is the most plausible 
mechanism responsible for the effects reported here. This is in line with recent neurophysiological evidence on 
inhibitory plasticity, suggesting that Hebbian style learning principles also apply to inhibitory neural circuits23. 
It was recently shown that GABAergic inhibition reduces as a result of short-term monocular deprivation24. This 
reduction of GABA concentration was shown to be associated with a boost in perceptual performance in the 
stimulation-deprived eye. In addition, it was recently shown that GABA decreases the rate of perceptual switches 
Figure 7. Results of the Control experiment. (A) Log-transformed threshold elevations from pre-training 
to post-training collapsed over both eyes averaged across all 5 observers. (B) Here the effects of training on 
contrast detection are shown for each eye separately, with the trained orientation in one eye being the untrained 
orientation in the other eye. In both panels, bars represent group means, while dots represent individual 
observer data, color-coded consistently within observers.
www.nature.com/scientificreports/
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in bistable perception, in case of motion-induced blindness and structure from motion25. It can be argued that 
this behavioral effect results from an increase in mutual inhibition between competing stimulus-specific neural 
populations due to an increase in GABA. Accordingly, training perceptual suppression might lead to an increase 
in GABA concentration. However, the question whether effects of GABA are variable enough at a fine scale to 
account for the feature specific effects that we report here remains speculative.
It has already been shown that there is increased suppression of task-irrelevant features after 
motion-discrimination learning26, but this effect is related to attention and occurred only when the irrelevant 
features were presented above visibility threshold during training27. Following a similar line of reasoning it has 
recently been argued that effects of implicit, or task irrelevant learning do not occur when the irrelevant signal 
is sufficiently noticeable to be picked up by the attentional system3. In that case this signal is suppressed, which 
prevents learning to occur. However, in case of task irrelevant perceptual learning, the irrelevant signals are not 
picked up and suppressed by the attentional system and, hence, they are not reinforced through feedback (reward) 
on the primary task. In a similar way, in our training task on the dominant stimulus, the reinforcement signal may 
have enhanced not only the dominant stimulus signal but also the inhibitory signal responsible for suppressing 
the grating in the contralateral eye.
The precise mechanisms of binocular rivalry suppression and the responsible cortical areas are still under 
debate. A widely held view is that suppression, to a large extent, occurs in a non-selective way, where the input 
of the non-dominant eye is simply not reinforced, for instance due to the absence of attention to these stimuli25. 
Recent binocular rivalry studies have shown that binocular rivalry suppression of a stimulus might actually lead 
to a selective reduction in the sensitivity of the suppressed stimulus features28,29. Stimulus-specific behavioral 
effects in binocular rivalry in general are often considered to be supportive of the involvement of binocular visual 
areas in binocular rivalry16. Current theories on binocular rivalry suggest that competitive processes in both 
monocular and binocular visual areas are involved in binocular rivalry17,30. However, the idea that binocular 
rivalry suppression involves not only inhibitory competition at a monocular level but also inhibitory competition 
between binocular stimulus representations is still under debate31. It was recently suggested that monocular areas 
are involved in stimulus rivalry32. By using an implicit learning paradigm, we support this claim and provide 
further evidence that both monocular and binocular processing areas are involved in stimulus specific effects in 
binocular rivalry.
The findings presented here may also prove to be important for the plasticity-stability dilemma that the brain 
faces. Successful interaction with our surroundings requires on the one hand plasticity of the system to be able to 
adapt to ever changing circumstances, but on the other hand a certain degree of stability, where the state of the 
system does not flip with every small change in input3. To achieve this, the plasticity of mechanisms responsible 
for perceptual suppression that we show here may prove to be of significant importance, as the suppression of 
(task-)irrelevant input (i.e., noise) contributes to the relative enhancement of the currently relevant visual input 
(i.e., by increasing signal-to-noise ratio).
In sum, we show that perceptual suppression can be trained in an eye and stimulus specific fashion, indicating 
inhibitory plasticity at a monocular stage of processing and supporting a monocular account of stimulus rivalry. 
The intricate interplay between perceptual plasticity (excitatory neural interactions) and perceptual stability 
(inhibitory interactions) in binocular vision enabled us to infer that observers can learn to perceptually suppress 
specific features (such as orientation) of visual stimulation at a processing level already before sensory inputs of 
both eyes have been integrated.
Methods
Experiment 1. Observers. Ten naïve observers (all female) participated in the experiment. They all had 
normal or corrected-to-normal vision. All observers were paid or received course credits for their participation, 
and they all gave informed consent at the beginning of the experiment. The ethical committee of the Faculty of 
Psychology and Educational Sciences of the University of Leuven approved the experiment and the experiment 
was conducted in accordance with the committee’s guidelines.
Apparatus. Stimuli were shown on a 22” Dell LCD display (1920 × 1080 at 60 Hz) driven by a Dell Optiplex 755 
PC running on Windows 7. A 4-mirror stereo setup achieved binocular presentation. The left eye and right eye 
image were presented on the left and right side of the screen, respectively. A vertically oriented black cardboard 
splitter was positioned between the horizontal center of the monitor and the stereo setup to avoid parts of the 
images being visible to the contralateral eye. A head and chin rest positioned at 4 cm from the mirrors were used 
to stabilize head position and orientation. The effective viewing distance was 180 cm. Stimulus presentation, tim-
ing and keyboard responses were controlled with custom software programmed in Python 2.7 using the PsychoPy 
library33,34.
Stimuli. To maintain stable vergence throughout the experiment, four black lines were continuously presented 
to each eye at corresponding retinal locations (above, below, left, and right of the stimulus, respectively). These 
so-called vergence lines (with dimensions 0.51 × 0.05 arcdeg were presented with a distance of 1.57 arcdeg 
between stimulus center and the center of each vergence line. During training, a square-wave grating (size = 2.15 
arcdeg, spatial frequency = 2.42 cycles/arcdeg and contrast = 0.2, filtered by a Gaussian) was presented at the 
fovea of one eye. The orientation of this grating was either 45° of 135° from vertical. In the contralateral eye, a 
sinusoidal expanding bull’s eye was presented (size = 2.48 arcdeg, radial spatial frequency = 2.42 cycles/arcdeg, 
radial speed = 0.99 cycles/arcdeg, contrast = 0.8).
The stimuli used for the baseline measurements were largely similar to those used during training. The grating 
was presented with a variable contrast following an adaptive QUEST procedure with a starting value of 0.2. In 
www.nature.com/scientificreports/
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addition, the bull’s eye was presented at a constant low contrast (varied between observers between 0.02–0.06), to 
allow for rivalry between the bull’s eye and the grating. It was by default set to 0.06. However, with this contrast 
a few observers were incapable of perceiving any gratings presented to one eye, even at full grating contrast, due 
to strong eye dominance. Therefore, for these observers, we lowered the bull’s eye contrast to a level for which 
contrast detection thresholds could be determined for both eyes.
Design and procedure. Preceding the first experimental session, the positioning of the right and left eye ver-
gence lines were spatially calibrated, for each observer individually, to ensure binocular stimulus presentation at 
corresponding retinal locations. In the baseline sessions (sessions 1 and 6, pre- and post-training, respectively), 
contrast detection thresholds were measured for 4 conditions. In each trial, the low-contrast expanding bull’s eye 
was presented foveally, either to the left or to the right eye. In the contralateral eye a target grating was presented 
in 80% of the trials. The target-present trials were equally distributed according to a 2 × 2 design, where the target 
was either presented to the left eye or to the right eye, and oriented either 45 degrees to the left or 45 degrees to 
the right relative to vertical. The task for the observers was to indicate for each trial if a target was present or not. 
Within each block, target contrast was varied according to an adaptive QUEST procedure, and 50% detection 
thresholds were determined, for each target-present condition, separately. From the beginning of each 1-second 
trial, the target contrast was ramped up from 0 to its current QUEST-value with a speed of 180%/second. Trials 
of all target present conditions and the target absent condition (5 × 50 = 250 trials, in total) were randomly inter-
leaved within each block. This procedure was repeated 3 times and the average of the thresholds from these 3 
blocks was taken as pre- and post-training baseline threshold for each condition separately. The training sessions 
(sessions 2–5) consisted of 4 blocks of 160 trials each, leading to a total of 2560 training trials. All 6 sessions took 
place within one week, between Monday and Friday, with the restrictions of no more than 2 sessions per day and 
at least 1 hour break between each 2 training sessions, while the last training session and the post-training base-
line measurement took place at 2 consecutive days.
During training, a high-contrast expanding bull’s eye was presented to one eye, while a grating (contrast = 0.2) 
was presented to the contralateral eye. The grating was ramped-up in contrast in a similar fashion, and with the 
same speed, as in the baseline sessions. Because of the high saliency of the expanding bull’s eye, the grating was 
perceptually suppressed throughout the whole training stage. Upon debriefing after the full experiment, none of 
the observers indicated that they had seen any of the presented oriented gratings at any moment during training. 
Within an observer, the grating was presented in the same eye, and with the same orientation in each trial. The 
eye and the orientation at which the suppressed grating was presented were counterbalanced between observers. 
During training, the task for observers was to detect a small, brief contrast change occurring for the visible bull’s 
eye midway each trial. This task was included to make sure that observers maintained attention to the stimulus.
Experiment 2. Observers. Ten naïve observers (8 female) participated in the experiment. They all had nor-
mal or corrected-to-normal vision. All observers were paid or received course credits for their participation, 
and they all gave informed consent at the beginning of the experiment. The ethical committee of the Faculty of 
Psychology and Educational Sciences of the University of Leuven approved the experiment and the experiment 
was conducted in accordance with the committee’s guidelines.
Apparatus. The same setup was used as for Experiment 1.
Stimuli. The stimuli and individual trials were the same as in Experiment 1.
Design and procedure. Pre- and post-training baseline contrast detection thresholds measurements were identi-
cal to Experiment 1. Where observers were trained on suppressing a single orientation in one eye in Experiment 
1, observers were subjected to a double-training protocol in Experiment 2, which led to a doubling of the total 
amount of training trials per session. Each training session consisted of 8 blocks of 160 trials each. In half of these 
blocks observers were trained on suppressing a 45 degrees oriented grating presented in one eye, while in the 
other half of blocks they were trained on suppressing a 135 degrees oriented grating presented to the other eye. In 
each training session, 4 blocks of suppressing one of the two orientations were followed by 4 blocks of training the 
orthogonal orientation. Which orientation was trained in which eye and the order of trained orientations within 
a session were counterbalanced between observers.
Control Experiment. Observers. Five naïve observers (4 female) participated in the experiment. They all 
had normal or corrected-to-normal vision. All observers received course credits for their participation, and they 
all gave informed consent at the beginning of the experiment. The ethical committee of the Faculty of Psychology 
and Educational Sciences of the University of Leuven approved the experiment and the experiment was con-
ducted in accordance with the committee’s guidelines.
Apparatus. The same setup was used as for Experiment 1 and Experiment 2.
Stimuli. The stimuli were similar as in Experiment 1 and 2.
Design and procedure. Pre- and post-training baseline contrast detection thresholds measurements were iden-
tical to Experiment 1 and Experiment 2. Observers were trained on an orientation discrimination task, accord-
ing to a double training protocol. Each training session consisted of 8 blocks of 160 trials each, similar as in 
Experiment 2. In half of these blocks, observers were trained to discriminate the orientation of a grating relative 
to 45 degrees in one eye, while in the other half of blocks they were trained to discriminate the orientation of the 
www.nature.com/scientificreports/
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grating relative to 135 degrees presented to the other eye, in both cases following adaptive QUEST procedures. 
Observers were instructed to indicate whether a grating was tilted towards horizontal or towards vertical. In each 
training session, 4 blocks of one condition (either 45deg or 135deg) were followed by 4 blocks of training the 
orthogonal orientation, but now presented to the contralateral eye. Which orientation was trained in which eye 
and the order of trained orientations within a session were counterbalanced between observers. The starting tilt 
of the grating relative to the reference orientation was 5 degrees.
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